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 ABSTRACT 
Inspired by a chemical explosion involving a drum furfuryl alcohol at a local chemical plant, the                
team investigated the acid-catalyzed polycondensation of furfuryl alcohol through COMSOL          
multi-physics modeling and a series of lab experiments. To investigate the explosion, furfuryl             
alcohol was reacted in stainless steel vessels with methanesulfonic and hydrochloric acid            
contaminates to observe the changes in temperature and pressure throughout the reaction. The             
maximum temperature recorded in the experiments was 170.5 °C, and pressures greater than 75              
psi were generated. The reaction proved to be both volatile and unpredictable. The timeline of               
this reaction ultimately allowed the team to develop improved process safety recommendations            
for the handling of furfuryl alcohol in industry.  
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 1.0 INTRODUCTION 
The project team studied chemical explosion phenomena, specifically explosions resulting from           
acid catalyzed polymerization reactions. The team modeled reactions using COMSOL          
Multiphysics to increase their understanding of the reaction, compare theoretical data to            
experimentally determined data, and to gauge how successful the computer simulation was at             
modeling the actual reaction. The interest in this reaction stemmed from an incident that              
occurred at a local chemical company involving a drum of furfuryl alcohol contaminated with              
acid that led to an overpressurization of the drum, and a subsequent explosion. No personnel               
were harmed in the incident, but this event identified gaps in the chemical industry’s knowledge               
of the reactivity of furfuryl alcohol, and proved the need for more research to prevent these types                 
of incidents from happening in the future. 
 
In an attempt to model the incident, the main chemical the team studied was furfuryl alcohol, in                 
the presence of different acid contaminants. Specifically, the team investigated the use of             
methanesulfonic acid and hydrochloric acid as potential contaminants that could cause           
acid-catalyzed polycondensation reaction to occur. The goal of this research was to gain a              
stronger understanding of the thermodynamics and kinetics of these reactions that would            
ultimately allow the team to develop improved process safety design recommendations and            
prevent similar explosions from occurring in industry.  
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 2.0 BACKGROUND  
2.1 Chemical Explosions Prevalence, Definitions, and Incidents  
According to the NFPA report, “​Between 2011 and 2015, municipal fire departments in the U.S.               
responded to an estimated average of 37,910 fires at industrial or manufacturing properties each              
year, with annual losses from these fires estimated at 16 civilian deaths, 273 civilian injures and                
$1.2 billion in direct property damage” (NFPA, 2018). While not all of those fires are due to                 
chemical plant explosions, explosions impact personnel and the surrounding area quite           
significantly and negatively.  
 
There are two different types of explosions: detonating and deflagrating. A detonating explosion             
involves the rapid decomposition of a substance at high pressure. Subcategories of this type              
include primary and secondary detonation. Primary explosives will detonate by ignition from a             
source that produces a significant amount of energy in the form of heat, while secondary               
explosives demand a detonator. A deflagrating explosion requires fast burning at relatively            
low-pressure conditions. Examples of a deflagrating explosion are black and smokeless powders.            
(Britannica, 2018).  
 
Immediate health concerns surrounding explosions are smoke inhalation, burns due to heat            
released, and debris. Longer-term effects include eye and lung damage due to severe irritants.              
Toxins present in the smoke have the ability to form free radicals, which can directly cause                
airway inflammation. Chemical explosions exacerbate immediate and long-term effects due to           
the hazardous nature of the chemicals. Specific safety data sheets (SDS) of the chemicals used               
for the purpose of this study can be found in ​Appendix A.  
 
Chemical explosions can have detrimental long-term effects on the environment due to            
contamination of the water, air, and nature. The toxins negatively influence the ecosystem and              
also propose adversity to humans through eventual inhalation or consumption. (Public Health            
England, 2018).  
 
The project was motivated by an incident that occurred at a local chemical company. On               
December 14th, 2010, in the facility located in Marlborough, MA, a 55-gallon HDPE drum,              
partially filled with furfuryl alcohol became overpressurized. The drum deformed from heat, and             
due to the combination of heat and pressure, a hole was blown out (Figures 1 - 2).  
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Figure 1. ​ Overpressurized and overheated drum which resulted in a hole being blown out 
 
 
 
Figure 2. ​ Overpressurized and overheated drum aftermath 
 
At the time of the rupture, the drum was propelled 35 feet in the air, hitting the roof and falling                    
back down, spraying a sticky black resin. The drum was in the staging area and no people were                  
located in the immediate vicinity. The facility was evacuated immediately afterward and a later              
investigation determined that a pump transfer line was contaminated with trace amounts of an              
acid. The work conducted in this project sought to better understand the unintended reactions              
that occurred, including the heat and pressure release, and to develop a safety timeline to help                
guide future safety efforts. 
 
Another example of a more detrimental chemical explosion was in the Chinese city of Tianjin.               
There was illegal storage of 49,000 tons of sodium cyanide when the warehouse was supposed to                
only store 24 tons. The explosion killed 173, most of which were firefighters and police officers,                
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 and injured 798. The release of sodium cyanide was concerning in terms of the potentially               
devastating environmental consequences. Sodium cyanide poisons the respiratory system and          
creates a poisonous acid upon contact with water. Cyanide also created mass panic due to               
potential inhalation of toxic gases, which called for an evacuation within a 3-kilometer radius              
(Bleiker, 2015). 
 
Investigators later found that stocks of nitrocellulose, a flammable compound used as a binding              
agent, became too dry within the heat of the day and burst into flames. These flames spread to                  
the illegal storage of combustible fertilizer ammonium nitrate, which destroyed an adjacent lot             
and caused considerable damage. The plant warehouse was also illegally built too close to the               
apartment buildings. The incident contaminated air, water, and soil, but luckily did not have an               
effect on the ocean water quality near Tianjin. (Associated Press, 2016). Proper precautions and              
personnel following stricter procedures could have prevented this tragedy.  
 
An example of a polycondensation reaction explosion involved ethylene oxide stored in steel             
cylinders. There were two explosions in 1946 and 1947, where a 200 lb capacity container               
exploded due to overpressurization. The cylinders had been tested to withstand 1200 psi,             
meaning considerable pressure buildup had occurred before the explosion and release of            
contents. In both incidents, the ethylene oxide contained trace amounts of alkali and water. The               
residue from the second case, observed as a polycondensate of ethylene oxide, was dark brown               
viscous and water-miscible liquid. After several studies with the contaminants involved, the            
catalyst, responsible for the initiation of the reaction, was determined to be alkali (Gupta, 1949).  
 
Another incident involved benzyl chloride being introduced to a factory in Harima, Hyogo,             
Japan, without a proper safety evaluation. This introduction led to a polycondensation reaction             
with rust, which resulted in an explosion of the receiver vessel. The investigation determined that               
benzyl chloride went into gaps in the iron rust and when the polycondensation reaction occurred               
the hydrogen chloride gas was generated, causing the receiver vessel to explode due to the               
increased pressure. (ARAI, Mitsuru, TAMURA, Masamitsu, Yokohama National University,         
1997).  
2.2 Existing Safety Precautions and Regulations for Preventing Chemical 
Explosions  
In order to minimize the hazardous situations that surround chemical explosions, many            
government agencies have implemented codes and standards that companies must follow. These            
codes and standards provide guidelines for the handling of chemicals throughout the entirety of a               
production process and into the storage and shipping. In addition, there are regulations in place               
that focus on minimizing negative environmental impacts.  
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One agency, the National Fire Protection Agency (NFPA) has published more than 300 codes              
and standards that are recognized and utilized worldwide. These codes cover most industries and              
mainly focus on minimizing the potential and consequences of fires. The existing safety             
precautions and regulations, focusing on chemicals and chemical explosions, are included in the             
following codes and standards:  
 
● NFPA 30. ​Flammable and Combustible Liquids Code  
● NFPA 35. Standard for Manufacturing Organic coatings  
● NFPA 45. Standard on Fire Protection for Laboratories Using Chemicals 
● NFPA 69. Standard on Explosion Prevention Systems 
● NFPA 400. Hazardous Materials Code 
● NFPA 495. Explosive Materials Code 
 
Additionally, the Occupational Safety and Health Administration (OSHA) administers standards          
and rules that employers need to legally follow in order to protect their employees from potential                
dangers. Standard number 1910.132 covers the required Personal Protective Equipment (PPE)           
that employers must provide to their employees. The requirements for employers include            
performing a “hazard assessment” on the workplace, providing employees with proper PPE and             
the training on its use/care, maintaining the PPE, and continuously evaluating the effectiveness             
on the implemented PPE program. Additionally, the employee is expected to properly wear PPE,              
attend the provide PPE training classes, properly care and maintain their PPE, and inform a               
supervisor if PPE needs repair or replacement. Standard number 1910.144 details proper color             
identification for marking physical hazards. As a general reference, the color red denotes fire              
protection apparatus equipment, danger or stop, and the color yellow denotes caution. In terms of               
chemical dangers, any containers holding flammable liquids must be painted red with an             
additional marker, whether it is a yellow band on the can or the contents labeled in yellow on the                   
can. Standard number 1910 Subpart L App A details regulations for the various fire protection               
techniques companies may have in place. These range from fire brigades, portable fire             
extinguishers and standpipe and hose systems to more automatic extinguishing systems. 
 
In terms of transporting chemicals, the Department of Transportation (DOT) has its own set of               
unique rules that companies must follow. A subgroup of the Department of Transportation is the               
Pipeline and Hazardous Materials Safety Administration (PHMSA). This Administration has an           
operator qualification rule, adopted into the code of federal regulations under Subpart N in 49               
CFR Part 192 and Subpart G in 49 CFR Part 195, under which each pipeline operator is                 
responsible for developing an operator qualification program. This program entails defining the            
training and qualification requirements, having a written version of the plan, and ensuring their              
contractors and vendors comply with the requirements. Additionally, each pipeline operator must            
11 
 establish a task list applicable to their system. Operators must adhere to the most current version                
of the Electronic Code of Federal Regulations, which details specifications for packing, tanks,             
maintenance, and general transportation rules. If certain types of hazmat incidents occur, they             
must be reported according to 49 CFR Parts 171-180. Incidents must be reported through              
PHMSA within 30 days of the incident, and a written report must be submitted within one year                 
using the proper report form. The information on the report is analyzed by PHMSA and similar                
agencies to reduce risk and increase public safety. (USDOT, 2018).  
 
The Environmental Protection Agency (EPA), a well-known and respected agency of the US             
government, has instituted acts for toxic substance controls and pollution prevention. Under their             
Toxic Substances Control Act (TSCA) the importation of chemicals that are not on the TSCA               
inventory, or are subject to exemptions, are prohibited. The chemicals not on the list are referred                
to as “new chemicals”, and manufacturers must submit a pre-manufacturing notification to EPA             
before manufacturing or importing new chemicals. Chemical Data Reporting (CDR) requires           
manufacturers to provide EPA with info regarding chemicals especially those in transport or in              
large quantities. 
 
In terms of pollution prevention, the Pollution Prevention Act is aiming to reduce the amount of                
pollution through setting standards in production, operation, and raw material use. Source            
reductions are not common due to existing regulations, but compliance focuses on proper             
treatment and disposal. This act also includes practices that increase energy and water efficiency,              
and protect resources through conservation. (EPA, 2018).  
 
Additionally, EPA provides information on the compatibility of certain chemicals in           
compatibility charts (Appendix B).  
 
WPI also provides compatibility charts, from the CRC Laboratory handbook, to ensure safe             
operations (Appendix B). Alcohols are classified as group 6 and incompatible with inorganic             
acids. Some inorganic acid examples include hydrochloric acid and sulfuric acid. 
2.3 Kinetics of Polycondensation Reactions  
The reaction between an acid and furfuryl alcohol is classified as an acid catalyzed              
polycondensation reaction. The polymerization of the furfuryl alcohol occurs through two           
mechanisms: chain-growth polymerization and step-growth polymerization. Chain-growth       
polymerization is the process in which unsaturated monomer molecules add onto the active site              
of a growing polymer chain one at a time. Step-growth elimination involves the reaction of               
multi-functional monomers (monomers with more than one reactive group) forming dimers,           
trimers, and eventually oligomers.  
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This particular reaction is catalyzed by the presence of an acid. Choura et al. found that the                 
hydrogen ions present from the acid primarily attack the alcohol group, causing the formation of               
a carbocation on the methylene branch of the furanic ring, forming methylene linkages in the               
polymer strand. It is also possible for the hydrogen ions to attack the oxygen atom in the furan                  
ring, opening the possibility of an OH-OH condensation, resulting in the formation of a diketone               
structure. These two reactions form two different reaction intermediates as seen in the figure              
below. 
 
 
Figure 3.  ​Primary Reaction Pathways for 
Polycondensation of Furfuryl Alcohol (Choura et al.) 
 
The first of these two reaction mechanisms is more thermodynamically favored than the other              
and was considered as the primary means of reaction throughout this experiment (Kim et al.).               
Dunlop and Peters have also hypothesized a third reaction, involving the formation of             
dimethylene ether linkages through the methyl groups of two furan rings reacting together.  
 
 
Figure 4. ​Condensation Reaction of Furfuryl Alcohol Resulting in 
the Formation of Dimethylene Ether Linkage (Bertarione et al.) 
 
To this date, the reaction chemistry of this particular polycondensation reaction is still unclear              
due to the complexity of the reaction. These multiple reaction mechanisms propose the             
possibility of the formation of oligomer chains with different chain linkages, and the potential for               
conjugated species to form. This is also supported by the fact that this reaction produces a thick,                 
black resin-like substance. If the reaction only occurred through one of the aforementioned             
mechanisms, a linear polymer chain would be produced, resulting in a colorless product due to               
the absence of chromophore (Bertarione et al.). 
 
The kinetics of this reaction are complex and widely unknown due to the intensity of the reaction                 
in most circumstances. One research group, Sun et al., studied the kinetics of the reaction in an                 
aqueous solution which served as a controllable environment. The goal of their research was to               
13 
 see if the oligomer products of this reaction could be controlled and eventually converted into               
long alkane chains (C​9​-C​25​) for preparing diesel precursors. It was determined by Sun et al. that                
this reaction is dependent on the strength and concentration of the acid, and temperature of the                
reaction. The reaction is a first order reaction described by the following equation: 
 
C /dt k  C CrA =  − d A =  ′
α
H+
β
A  (1) 
 Ck = k′ αH+  (2) 
 CrA = k
β
A  (3) 
 
Where k' is the reaction rate constant, C​H+ is the concentration of hydrogen ion in the system, C​A                  
is the concentration of furfuryl alcohol, α is the reaction order of hydrogen ions, β is the reaction                  
order of furfuryl alcohol, and t is the reaction time. Their research concluded that the reaction                
order of both the hydrogen ions and furfuryl alcohol are first order. This also concludes that the                 
rate of the reaction is dependent on the strength of the acid due to the presence of readily                  
available hydrogen ions. It was also determined that the conversion of the reaction increased              
with increasing temperature, and further influencing the length of the polymer chains created in              
the reaction. Higher temperatures favored the production of smaller oligomer chains, while lower             
temperatures promoted the production of longer, high molecular weight chains through           
step-growth polymerization. Ultimately it was determined that the rate of reaction for a 100g              
aqueous solution containing 25g of furfuryl alcohol and 1.25g of sulfuric acid can be described               
by the following equation: 
 
C /dt 4.89 0 e C CrA =  − d A =  * 1
9 −7721/T
H+ A  (4) 
 
 
This rate equation was used in the preliminary modeling of the experiment to construct a               
baseline model. There is still a great deal to be learned about the kinetics of this reaction,                 
especially in uncontrolled environments. 
2.4 Reaction Thermodynamics 
The measured heat of reaction for the polycondensation of furfuryl alcohol is approximately 860              
kJ/kg of furfuryl alcohol (Kmiotek, personal communication November 10, 2018). Based on            
these numbers, had an entire drum of furfuryl alcohol reacted, over 36.8 MW of energy could                
have been produced. 
14 
 2.5 COMSOL Overview  
COMSOL Multiphysics® is simulation software for modeling all fields of scientific research,            
engineering, and manufacturing. This is done by allowing the user the ability to build a 3D shape                 
using specified materials. When this shape is created, the user may model to see how different                
flow rates and chemical reactions would take place within the designed shape. For the purposes               
of this experiment, the team modeled a chemical process by creating a 3D model of a drum, and                  
inputting the physical properties of the different chemical species and selected the physics             
involved. For the model, the team chose to use the transport of diluted species and heat transfer                 
as the multiphysics models  (Comsol 2018). 
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 3.0 METHODOLOGY 
3.1 COMSOL Modeling 
A COMSOL model was developed to serve as a predictive model for the acid-catalyzed              
polycondensation of furfuryl alcohol to analyze the rate of reaction and heat generated in the               
reaction. The model developed is a time dependent study that utilizes the transport of diluted               
species and heat transfer in fluids physics models within COMSOL to simulate the phenomena              
present in the reaction. The model space was set up as a rectangular cross section in 2-D axial                  
mode that would resemble a cylinder when rotated 360 degrees around the z-axis. In this model                
it was assumed that the reaction would be symmetrical around the z-axis. The 2-D axial mode                
was used in this simulation to allow for faster calculations, and to simplify the physical location                
of each component in the reaction. 
 
The physical properties of furfuryl alcohol were researched from verified sources online and             
manually input into the model. For the acid component of the reaction, the physical properties of                
sulfuric acid were input despite the fact that most of the experimentation conducted in this               
project involved the use of methanesulfonic and hydrochloric acid. This substitution of acids was              
due to primarily two reasons. The first is that information on the physical properties of               
methanesulfonic acid were not easily accessible. Secondly, the source of where the team             
obtained information on the kinetics of this polycondensation reaction used sulfuric acid in their              
study (Sun et al.).  
 
The reaction kinetics were also manually input in the model through the “Reactions” subcategory              
under the Transport of Diluted Species physics model. The rate of reaction was defined as a                
variable dependent on the time, temperature, and initial concentrations of furfuryl alcohol and             
acid. In an attempt to simplify the reaction, it was assumed that the activation energy remained                
constant throughout the course of the reaction, meaning the reaction would only follow one              
reaction mechanism. The heat of reaction was specified as a heat source within the Heat Transfer                
in Fluids physics model.  
 
Within the model space, two domain probes were set up. One domain probe output the               
concentration across the domain at any given time, while the other gave the temperature              
gradients. These probes allowed the team to track the course of the reaction through the change                
in concentration of furfuryl alcohol, and changes in temperature.  
 
In order to gain a deeper understanding of what was calculated in the model, the team looked                 
into each of the physics models and the equations that it was solving for in the time dependent                  
16 
 study. The Transport of Diluted Species physics model was used to observe the concentration              
gradients, diffusion of components, and the mechanics of the reaction. For a dilute species (eg.               
the small amount of acid contaminant) the equations below were considered when computing the              
diffusion of one species into the other.  
 
∇cN i =  − Di i  (5) 
 
N Rδdt
δC i +∇ •  i =  i  (6) 
 
The diffusion coefficients for each species were defined as the default for liquids in COMSOL at                
1x10​-9 m​2​/s. The rate of the reaction was defined for each species, with the rate of reaction for the                   
acid equal to 0, because this species is self-propagating and assumed to be constant. The rate of                 
reaction of the furfuryl alcohol was defined as a second order reaction dependent on the               
concentration of furfuryl alcohol and acid.  
 
The Heat transfer in Fluids physics model allowed the team to study energy transport, viscous               
effects of fluid flow, and the effect of temperature and pressure on the system. The transient heat                 
equation, used to effectively calculate temperature field in a fluid is below.  
 
C  ρC u T − ∇T )Q = ρ p δt
δT +  p •∇ +∇ • ( k  (7) 
 
Within this physics model, the thermal conductivity value for furfuryl alcohol was input as              
0.1799 W/m*K (Cameo Chemicals). The initial temperature was defined as 273.15 K, and the              
heat of the reaction was set up as a heat source defined as the reaction rate multiplied by the                   
reaction heat.  
The study observed was time dependent, and the time frame was set at 30 minutes to mimic a                  
real world scenario. The 30 minute time frame was determined based on the prior knowledge that                
this reaction could happen spontaneously, hours after a possible contamination. The           
computational grid for this simulation was adjusted through the physics-controlled mesh settings.            
The element size was set as extremely fine, which allowed Comsol to compute the physics of the                 
model at the highest number of points on the grid.  
A summary of all the settings and inputs to COMSOL can be found in Appendix C. 
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 3.2 Initial Experimentation 
3.2.1 Open Beaker Experiments with Methanesulfonic Acid 
In order to gain a better understanding of the reaction before attempting larger scale experiments,               
the team performed small-scale experiments with the furfuryl alcohol and methanesulfonic acid            
inside 50 mL glass beakers within a fume hood. These experiments were conducted with an ice                
bath on the side, since the team knew this reaction would likely be extremely exothermic. In the                 
first experiment, an initial amount of 10µL of methanesulfonic acid, which was clear and              
colorless, was to added to 22 mL of furfuryl alcohol, which was also clear but yellow in color.                  
This experiment would be observed for 90 min, and if no reaction occurred within this time                
period the experiment would be repeated without the ice bath. For safety purposes, the              
experiment could not be disposed of before the reaction had completed. To ensure the reaction               
would go to completion, additional acid was to be added. 
3.2.2 Testing Acid Limit to Propagate Reactions  
In order to discover the limit to propagate these reactions the team conducted trials with varying                
amounts of methanesulfonic acid, added all at once, into 20 mL of furfuryl alcohol. Observations               
were made about temperature, boiling, total time of reaction, and physical characteristics of the              
mixture. 
3.2.3 Insulating the Beaker and Creating a Closed System 
In order to more accurately simulate the final testing conditions for the experiment, the team               
began introducing modifications to the small scale set-up. The first change the team made was to                
insulate the glass beaker. This was done by wrapping the 50 mL glass beaker in several layers of                  
aluminum foil. Once the base and walls were covered, 20 mL of furfuryl alcohol was added to                 
the beaker. The beaker was then sealed with an additional aluminum foil cover, which had two                
holes - one to insert the thermometer and the other to introduce the 0.5 mL of acid. It should be                    
noted that since the beaker was insulated with aluminum foil, the team could not observe any                
physical changes to the solution. However, the temperature of the system over time was              
observed. 
 
To test the reaction in a closed vessel, a 250 mL narrow mouth HDPE bottle was used. A rubber                   
stopper was inserted into the mouth of the bottle to act as both a seal and pressure relief system.                   
The furfuryl alcohol was added to the bottle first, followed by the acid, and then the rubber                 
stopper was inserted. The rubber stopper was inserted enough as so it would not topple over and                 
it could withstand some pressure build-up. It should be noted that the team was unable to observe                 
18 
 the temperature and physical changes of the reaction over time due to the physical constraints of                
the system. 
3.2.4 Testing of Stronger Acids 
The team was curious to see how the reaction would respond to acids stronger than               
methanesulfonic acid. The acid that was selected was concentrated hydrochloric acid (12 M) due              
to its availability, and prevalence in industry. The same procedures were followed as before and               
the team began testing with the same volumes as the team had done with the methanesulfonic                
acid. Due to the observations made during the initial experimentation with the hydrochloric acid,              
the team decided to take further precautionary measures to ensure the safety of the team, while                
allowing for a more in depth analysis of the reaction. 
3.2.5 Breaking down the resin 
Research was performed in order to determine what could break down the resin after it had cured                 
in order to clean the reaction vessels. Once a couple of possibilities were determined, pieces of                
the cured resin from the previous experiment were broken off and set aside for experimentation.               
Some potential options for removing the resin from the vessel included heat, physical force, and               
exploring chemical mediums that could potentially help loosen the solid resin. 
3.3 Final Experimentations 
3.3.1 Small Scale 
The small scale reaction vessel could hold 100 mL volume and consisted of three thermocouples               
at various heights, a pressure gauge, a pressure relief valve with a max pressure rating of 75 psi,                  
and screws to open the top with ease after formation of the resin solid. The thermocouples were                 
Type K thermocouples supplied by McMaster Carr, and were connected to a PC with two               
National Instruments 1-Channel Temperature Input Devices (USB-TC01). These devices         
recorded the temperature of the reaction over time through their built-in Temperature Logger             
software. Videos were taken of the pressure gauge to effectively study pressure as a function of                
time. Images of this vessel and dimensions can be found in Appendix D.  
 
The small scale experimentation in the 100 mL stainless steel vessel began with trials of 20 mL                 
of furfuryl alcohol, and 0.5 mL of HCl. The team completed 4 trials under these conditions to                 
establish a baseline of expected temperatures and pressures for further experimentation. The acid             
was added to the reaction vessel through a long glass pipette inserted into the pressure relief                
valve port before being quickly removed to allow the pressure relief valve to be screwed on.                
Between each trial, the teflon tape wrapped around the pressure relief valve was replaced to               
maintain the air-tight seal.  
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The team then varied the amount of furfuryl alcohol from 20 mL to 30 mL, which was still at a                    
conservative liquid level within the vessel, and completed a total of 3 trials under these               
conditions. 
 
Lastly, the team conducted two experimental trials with methanesulfonic acid as the reaction             
catalyst. The team added 1 mL of methanesulfonic acid to 20 mL of furfuryl alcohol. These                
experiments were conducted in an attempt to understand the differences in the results of the               
reaction when the acid catalyst was changed. 
 
3.3.2 Large Scale 
The large scale reaction experiments involved the use of a 1000 mL stainless steel reaction               
vessel. The 1000 mL vessel was designed to be a scaled up version of the smaller 100 mL vessel,                   
consisting of three thermocouples at various heights, a pressure gauge, a pressure relief valve,              
and screws to open the top with ease after formation of the resin solid. The same equipment was                  
used from the previous experiments to record the temperature of the reaction throughout the              
experiments. Images of this vessel and dimensions can be found in Appendix E.  
 
The first large scale experiments were completed with 100 mL of furfuryl alcohol, and 1 mL of                 
HCl. These experiments were repeated three times before the initial amount of furfuryl alcohol              
was increased to 200 mL, and the team added 2 mL of HCl. The increase in furfuryl alcohol was                   
performed in an attempt to observe how scaling up the reaction affected the temperature,              
pressure, and resin formation.  
3.3.3 Analysis of Resin Composition 
In attempt to run an NMR analysis the team first dissolved the resin in acetone and dimethyl                 
sulfoxide (DMSO). Mass of the sample was taken before and after the dissolving period and               
observations of physical changes were noted.  
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 4.0 RESULTS AND DISCUSSION 
4.1 COMSOL Modeling 
According to the COMSOL modeling, the reaction takes off almost as soon as the model begins                
running along the boundary of the acid. The max temperature reached by the reaction itself is                
525 K (252ºC) and this was achieved at 0.3 minutes into the simulation. The relative               
concentration gradients changed minimally as the diffusion coefficient assumed for the liquids            
was 1.0x10​-9 ​m​2​/s; however, the concentrations of both the acid and furfuryl alcohol decreased              
along the line of the reaction. 
 
One of the most important aspects of this simulation was to gain a better understanding of the                 
temperatures produced in this exothermic reaction. As previously explained, a temperature probe            
was built into the reaction model to plot the temperature over time. The following figure displays                
the temperature of the reaction at 0.3 min (~20 seconds) after the addition of the acid.  
 
 
Figure 5​. 2-D Temperature Gradient at 0.3 mins into Reaction Simulation 
 
As one can see from the figure above, there is a large temperature gradient with temperatures                
ranging from approximately 250 K to 525 K. Based on observations made throughout later              
experimentation, the extreme temperatures along the surface between the acid and furfuryl            
alcohol made sense. The reaction generates a great deal of heat, and similar temperatures were               
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 observed throughout experimentation. This was an extremely important take-away from this           
simulation because it allowed the team to predict the maximum temperatures they expected to              
see while conducting their experiments, and allowed them to take the appropriate safety             
measures while working with the products of this reaction. 
 
However, the model does have some inconsistencies that should be noted. In the figure above,               
there is a boundary layer of temperatures around 200 K, which is quite unrealistic as these are                 
sub-zero temperatures on the Celsius scale. This is most likely the result of the activation energy                
of the reaction and the model gathering the required energy from the immediate surroundings at               
the interface between the acid and alcohol. Realistically, the heat generated in this reaction              
would dissipate through convection into the surroundings and raise the temperature of            
surrounding alcohol, but this phenomena is deterred in the reaction model due to the way the                
activation energy component of the reaction is modeled.  
 
The other main objective of this model was to understand how the concentration of reactants               
changed over time. The figure below illustrates the concentration gradient of the acid in the               
reaction at the end of the model simulation.  
 
 
Figure 6.​ Surface Concentration Gradient of Acid at the End of the Model Simulation 
 
As one can see in the figure above, the acid is clumped entirely at the bottom of the reaction                   
vessel. Initially the team was surprised by these results because they anticipated that the acid               
would diffuse into the furfuryl alcohol during the reaction. Later experimentation would prove             
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 that this phenomena of the acid not diffusing into the surrounding alcohol was accurate when               
methanesulfonic acid was used, and the acid clumped at the bottom of the vessel when the resin                 
was formed. This was also the result of the acid being more dense than the alcohol, sinking to the                   
bottom of the mixture. 
 
 
Figure 7: ​Furfuryl Alcohol concentration over time  
 
COMSOL was used to generate the graph above, which shows the decrease in concentration of               
furfuryl alcohol over time. While the team expected this trend to hold true, they did not expect                 
the concentration to decrease linearly. Since the reaction is exothermic, the increase in             
temperature as a result of the reaction also increases the rate of reaction. Limitations in the                
modeling prevented the team from being able to model this phenomena effectively.  
4.2 Initial Experimentation 
4.2.1 Open Beaker Experiment Results 
When the methanesulfonic acid was introduced into the furfuryl alcohol (in both the ice bath and                
room temperature environment), it immediately formed a black resin and sunk to the bottom of               
the 50 mL glass beaker. The temperature of the system was unaffected as it only changed                
approximately 1-2 ºC over the course of 90 minutes. Additionally, the black “blob” of resin did                
not increase in size considerably over that time period. Approximately 30 minutes into the              
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 experiment the team attempted to stir the beaker in an attempt to swirl the acid around, which                 
resulted in a brown cloud forming around the resin, but no further reaction. 
 
After waiting 90 minutes and observing no change in the experiment, the team made the               
assumption that there was not enough heat generated to cause the furfuryl alcohol to polymerize.               
The minimal heat generation could be attributed to both the cooling effects of the ice bath and                 
open container environment. In order to understand how the reaction would occur and what the               
final product would look like the team needed the reaction to go to completion. To do this, an                  
additional ~0.9 mL of acid was added to the beaker. 
 
As the additional acid was added in increments, the resin began to grow and the solution began                 
to heat up. The yellow color of the furfuryl alcohol quickly became a dark brown/black liquid                
with a visible increase in viscosity. At approximately 70ºC the solution began to boil and the                
reaction proceeded without the need of additional acid. During the course of the reaction, fumes               
were released and the temperature exceeded the max temperature of the thermometer (150 ºC),              
and the final product had doubled in volume. This initial trial allowed the team to make                
important observations on the temperatures they should expect to see in future experimentation,             
the behavior of the reaction, and how the resin formed. Figure 8 below shows the solution mid                 
experiment. 
 
Figure 8. ​Mid-experiment. The solution is boiling, releasing 
fumes, and has exceeded 120ºC.  
 
Once the reaction appeared to finish, the entire beaker was moved into the ice bath to cool. After                  
the temperature of the resin cooled to approximately 30 ºC the team attempted to remove the                
resin from the beaker. On the first trial, the resin could not be removed from the beaker so it was                    
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 disposed of in the trash. For the second trial, the resin was eventually removed and examined                
(Figure 9). 
 
 
Figure 9. ​End Product of the trial experiments. The resin 
retained the shape of the container it was in. 
 
While these initial trials did not provide the team with any useful data points, they played a                 
critical role in guiding later experiments. The team learned that the resin significantly increased              
in volume as the reaction proceeded. Due to this information, for future experiments the team               
only filled the vessel with 25% to 50% of furfuryl alcohol to mitigate the chance of resin                 
entering any of the pressure gauges and pressure release valves. Additionally, the team learned              
that the final resin was not as sticky or soft as they initially expected. The resulting resin was                  
solid, brittle, black, and porous.  
 
Prior to testing on the small and large scale reaction vessels, the team needed to conduct further                 
experimentation on the final product to understand the best way to remove and clean it. It was                 
essential that the team found a way to clean the vessel without damaging it so that it could be                   
reused. 
4.2.2 Discovering Initial Acid Limitations to Propagate Reaction  
In order to discover the limit to propagate reactions by adding a larger amount of acid initially, as                  
opposed to in increments over time, the team ran two additional trials.  
 
In the first trial, the team added 0.5 mL of methanesulfonic acid to 20 mL of furfuryl alcohol.                  
The fluid turned very dark instantaneously. Around 8 minutes the team observed the state of the                
fluid, which was slightly viscous and contained a few solid chunks at the bottom of the flask.                 
Around 35 minutes the team dislodged the chunks of resin at the bottom of the flask with the                  
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 thermometer and insulated the outside of the glass container with their hands. After a few               
minutes, the temperature steadily rose to 53.5 ​o​C and at that point the temperature started               
increasing at a much faster rate. At 68 ​o​C the fluid in the beaker started boiling and the reaction                   
went to completion. The final resin took up approximately 75% of the volume of the beaker.  
 
In the second trial the team added 0.6 mL of methanesulfonic acid to 20 mL of furfuryl alcohol.                  
Around 12 minutes the team disrupted the mixture by probing the chunks and again insulating               
the system. The reaction started heating up, and after 15 minutes it reached completion. This               
time the solid resin rose to slightly over the top of the beaker.  
 
With the lower amount of acid the team noted that the solid formed was less rigid, and more                  
pliable than with the resin that formed with the greater amount of acid. The team hypothesized                
that the differences in physical properties are due to the amount of heat that was generated by the                  
reaction, with higher temperatures further casting the resin, resulting in the formation of a more               
rigid polymer. 
4.2.3 Insulating the Beaker and creating a closed system 
In order to prevent heat from escaping the 50 mL glass beaker and to better simulate the reaction                  
vessels, aluminum foil was placed around the beaker to help with insulation. The beaker had               
aluminum foil around the sides and the top, with two holes for the thermometer and pipet to add                  
acid.  
 
For the first trial, 0.4 mL of methanesulfonic acid was added to 20 mL of furfuryl alcohol, and                  
while the initial temperature seemed to remain higher for a longer period of time, the heat                
dissipated eventually after the initial addition of acid. The temperature reached 30.6 ​o​C and              
started to drop after about 6 minutes. As such after about 30 minutes had passed, the mixture was                  
probed with the thermometer until eventually it was forced to completion. A washer had been               
placed at the bottom of the beaker before the reaction took place to test how the resin stuck to                   
stainless steel, and the washer came clean upon washing.  
 
For the second trial, 20 mL of furfuryl alcohol was added again but this time the acid was split                   
between two pipets with 200 μL and 300 μL respectively. Once the acid was added, another                
sheet of aluminum foil was added for extra insulation. The initial temperature reached was              
higher at 45 ​o​C, however, this was probably due to the extra acid that was included in the                  
mixture. The temperature started to decline after about 10 minutes. After 90 minutes passed, the               
reaction still had not completed and prodding it resulted in no reactivity, which lead to the                
addition of 250 μL of methanesulfonic acid to the beaker. After an additional amount of time and                 
stirring, the reaction still did not go to completion. In order to achieve the reaction the team                 
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 placed the mixture on a hot plate until the contents reached 45 ​o​C with constant mixing, at which                  
point the team transferred the beaker back to the hood, where the reaction went to completion.  
 
For additional closed system experiments, the team completed trials using 0.5mL of            
methanesulfonic acid with 30 mL and 40 mL of furfuryl alcohol in 250 mL HDPE bottles. If the                  
system was not agitated the reaction did not propagate with this acid amount. The team waited                
over 60 minutes and observed no change in consistency. The team tried agitating the contents of                
the bottle by shaking the container 2 times right after the acid addition. Two out of the five trials                   
proceeded to react within the 8-11.5 min time range, and the rest were unchanged after 60                
minutes.  
4.2.4 Breaking down the resin 
In order to run multiple experiments in the stainless steel reaction vessels, the team needed to                
develop a method of cleaning out the resin in a safe manner. Having determined that heat was                 
likely the safest method to breakdown the resin in order to get it out of the reaction vessel, the                   
team tested hardened pieces of resin.  
 
The first experiment used the furnaces found on the top floor of the UO Lab in Goddard Hall. A                   
small amount of resin was placed in a crucible and allowed to reach the max temperature of the                  
furnace about 210 ​o​C. At this point it was observed that the resin became harder through this                 
process, as it reached a heat where the resin ‘cured’. A melting temperature was estimated to be                 
around 600 ​o​C from this trial. 
 
In order to test this theory the team placed the sample in a higher power furnace and gradually                  
increased the temperature. The resin sample of approximately 1.143 grams was heated up until              
750 ℃ and the state of the solid remained unchanged after an hour. The team did not pursue                  
experimentation at higher temperatures in the furnace. 
 
Next, the team used a propane torch in attempt to melt down the resin. Again, a small amount of                   
resin was placed in a crucible within a fume hood. Upon contact with the propane torch, the resin                  
immediately caught on fire. It was assumed that the heat applied to the resin was enough to                 
gasify the sample, causing it to combust. Upon examination, the resin had not softened, and there                
was no change in the physical state after applying direct heat through the torch. The torch was                 
also applied to the wall of the crucible in which the sample was placed in to see if the resin                    
melted through indirect contact with the heat source. The resin did not respond to the heat that                 
was applied through the wall of the crucible. From this experiment it was determined that using a                 
direct heat source such as a propane torch was not a feasible means of removing the hardened                 
resin from the reaction vessel. 
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 After multiple failed attempts of removing the resin through applying heat sources, it was              
determined that physical means of removal was the safest and most applicable option. The team               
determined that chiseling the resin out and scrubbing the reaction vessel with acetone and a wire                
brush was the most effective way of removing it. The hardened solid could be broken apart and                 
disposed of, and the goopier resin could be scrubbed away with acetone.  
4.3.1 Swapping Methanesulfonic Acid for Hydrochloric Acid to Propagate Reaction  
The team investigated utilizing 0.5 mL of 12 molar hydrochloric acid, a stronger acid, in place of                 
methanesulfonic acid to propagate a reaction with 30 mL of furfuryl alcohol. The mixture was               
added to a 250 mL plastic bottle, first the furfuryl alcohol, and then the hydrochloric acid, and                 
the cap was closed. At 3 minutes and 30 seconds the reaction rapidly propagated, resulting in an                 
immense pressure buildup and a subsequent explosion of the 250 mL HDPE bottle. At the time                
of the explosion a loud popping sound could be heard as the contents escaped the bottle at two                  
different exit points, the top of the bottle (breaking the cap) and along the seam towards the                 
bottom of the bottle (Figure 10). Liquid level remained constant before the explosion and the               
bottle expanded before breaking. The pressure build up occurred within an estimated 2 seconds,              
making it impossible for one of the team members to manually relieve the pressure by               
unscrewing the cap. Additional images of the aftermath of this reaction can be found in               
Appendix F.  
 
 
Figure 10.​ Overpressurized 250 mL HDPE bottle aftermath. 
 
As a result of this initial experiment with the hydrochloric acid, the team determined several               
unique characteristics of this specific reaction when compared to the methanesulfonic reaction.            
Firstly, when the hydrochloric acid came into contact with the furfuryl alcohol, there was not a                
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 glaring indicator of contamination. Instead of resin forming, gases being released and a hissing              
sound, the two chemicals simply mixed. There was a color change (yellow to black) that               
occurred gradually over time. In addition, there was also no indication of gasses being released               
over the course of the observed reaction. In the case of the methanesulfonic reaction, the team                
knew that when the liquid started to boil, the pressure increase would occur rapidly and the                
HDPE bottle would begin to fail. However, with the hydrochloric acid, the team did not observe                
any boiling of the liquid. Finally, the end product of this reaction resulted in a black liquid rather                  
than a brittle solid.  
 
In order to verify the initial observations and further investigate the hydrochloric acid reaction in               
a safer manner, the team completed additional trials using a rubber stopper to seal the system. In                 
the first verification trial, the team mixed 30 mL of furfuryl alcohol and 0.15 mL of 12M HCl in                   
the 250mL HDPE bottle. This reaction remained dormant for approximately an hour before more              
HCl was added in increments of 0.1, 0.2, and 0.3 mL. After a total of 0.75 mL was added, around                    
the 2 hour mark, the reaction took about 90 seconds to propagate. The team observed that the                 
bottle became a little foggy prior to when the pressure build-up removed the rubber stopper.               
After the stopper blew, the liquid began to boil rapidly, spit chemical droplets out of bottle and                 
release excessive amounts of gas. The final product was a solidified black resin. 
 
For the second verification trial, the team mixed 30 mL of furfuryl alcohol with 0.2 mL of 12M                  
HCl in the 250 mL HDPE bottle. Similarly to the previous trial, the initial HCl volume did not                  
cause the reaction to propagate. Thus, additional HCl was added in increments of 1.0 mL. After a                 
total of 6.0 mL of HCl were added, the reaction began to propagate and run through completion.                 
Again similarly to the previous trial, the pressure buildup in the bottle caused the rubber stopper                
to blow first, and then the liquid boiled. The liquid boiled aggressively, and the end product was                 
a solidified black resin. 
 
These additional two trials provided the team with further insight into the furfuryl alcohol and               
hydrochloric acid reaction. One important observation was the amount of acid required to             
propagate the reaction. In the first trial the team used 0.75 mL and in the second trial the team                   
used 0.60 mL. Thus, the team determined that an acid volume of 0.4 mL would be a safe amount                   
to propagate the reaction in a timely manner for future ~30 mL furfuryl alcohol trials in an                 
insulated stainless steel vessel. Secondly, the team observed that if the contents of the reaction               
will boil if there is not an overpressurization of the reaction vessel. However, the team observed                
that the boiling point occurs after a significant amount of pressure build up, so in the case of the                   
initial exploding trial, the bottle ruptured prior to the boiling point. Along with this, the team also                 
observed that the final product of the reaction is dependent on the level of completion of the                 
reaction and the temperatures achieved in the reaction. For instance, if the liquid is dispersed               
prior to reaching boiling, the final product is a liquid. However, after boiling, the final product is                 
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 a solid. Thus, the team assumed that the end product was temperature driven. Additionally, the               
experiments suggested that the strength of the acid catalyst can significantly alter the             
characteristics of the propagation. 
4.3 Final Experimentation 
4.3.1 Small Scale Reactions - 100 mL Stainless Steel Vessel 
The team originally added 0.4 mL of HCl to 20 mL of furfuryl alcohol. The temperature                
increased slightly at a steady rate and then started to decline around 20 minutes after peaking at                 
28.6 ℃ for the liquid temperature. The team added an additional 0.2 mL and the reaction                
occurred rapidly. Since the team had not reached the threshold to propagate the reaction without               
additional acid this data was inconclusive and the team decided to start with a greater initial acid                 
amount.  
 
The team added 0.5 mL of HCl initially to 20mL of furfuryl alcohol. This amount was sufficient                 
to propagate the reaction. The team conducted four total runs with the same acid amount to                
verify consistency of the reaction in terms of pressure and temperature. For the first run the                
maximum pressure reached on the pressure gauge was approximately 20 psi and the maximum              
liquid temperature recorded was about 140 ℃.  
 
The second trial reached a maximum temperature of about 160 ℃ and a maximum pressure of                
approximately 12 psi. The third trial reached a maximum temperature of approximately 130 ℃              
and a maximum pressure of approximately 16 psi. The fourth trial reached 125℃ at its peak and                  
a pressure of 14 psi. All four of the liquid level temperature logs for these trials can be seen in                    
the figure below. 
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Figure 11.​ Small Vessel Comparison of Liquid Graphs - (20 mL FA, 0.5 mL HCl) 
 
The timing of these temperature peaks occur between 4-10.5 minutes after the acid addition. The               
resins created from these reactions were observed to be sticky, squishy, and odorous, and could               
be removed using acetone and physical force. Images of these resins can be found in Appendix                
G. One of these samples was left out overnight and the resin had noticeably hardened and was no                  
longer sticky, although it was still slightly compressible if pressed with sufficient force.  
 
The following four figures illustrate the liquid and gas level temperatures over time within the               
reaction vessel for each of the four individual trials. 
 
Figure 12.​ Small Vessel Trial 1 - (20 mL FA, 0.5 mL HCl) 
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Figure 13.​ Small Vessel Trial 2 - (20 mL FA, 0.5 mL HCl) 
 
 
 
Figure 14.​ Small Vessel Trial 3 - (20 mL FA, 0.5 mL HCl) 
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Figure 15.​ Small Vessel Trial 4 - (20 mL FA, 0.5 mL HCl) 
 
After reviewing each of the graphs above, the team had three major takeaways. There are               
varying incubation times, two temperature peaks, and an inflection point of liquid temperature             
lines. The incubation period was measured by the team as the time between the introduction of                
the acid catalyst and the moment at which the liquid temperature began to rise exponentially               
(inflection point). The moment at which the acid was introduced to the furfuryl alcohol can be                
denoted by the initial bump in the liquid temperature line. The team observed that the incubation                
period varied between 100-400 seconds. One possible explanation for this phenomena could be             
the temperature of the reaction vessel itself. Throughout these experiments the team attempted to              
keep as many variables constant as possible in each of the trials, especially the starting               
temperature of the liquid level. However, the actual temperature of the stainless steel reaction              
vessel could have been warmer or cooler than the liquid level measured by the thermocouple               
inside. The team also observed that a starting liquid temperature difference of 1 ℃ had a                
significant effect on the incubation period and maximum temperature attained. 
 
In each of the four initial trials the team observed a strange two peaked temperature curve where                 
the temperature would reach an initial peak, cool off, and then spike back up. Kinetically, there is                 
no explanation as to why the team observed this phenomena. One possible explanation for such               
occurrences could be the contact between the thermocouple and the changing height of the solid               
resin forming in reaction vessel. However, since the team could not see into the reaction vessel                
during the reaction, there was no way to prove this. Another possible explanation for this               
phenomena could be the condensation of the hot gases within the reaction vessel coming back               
down into contact with the thermocouple. The team made note of the observation and looked for                
similar phenomena in later trials. 
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 Lastly, the team took special note of the inflection point in each of the temperature plots above.                 
The team observed that once the reaction reached 50℃, the rate of the reaction began to increase                  
greatly, and the reaction would be guaranteed to go towards completion if it reached 60℃. This                 
became an important benchmark for the team to achieve in each of the experiments, otherwise,               
the team could not guarantee that the reaction would go towards completion leaving the team               
with unreacted furfuryl alcohol. This is also an incredibly important indicator in the timeline of a                
potential explosion, meaning that a contaminated drum could explode within seconds if the             
furfuryl alcohol inside reaches 60 ℃. 
 
Next the team decided to increase the amount of furfuryl alcohol in the reaction vessel from 20                 
mL to 30 mL. This change was an attempt to study the effects of increasing the volume of                  
furfuryl alcohol, particularly on the rate of reaction and maximum temperatures and pressures             
achieved within the vessel. The team conducted four trials and the maximum temperature peaks              
occurred slightly below 120 ℃, with the pressure gauge reading 10 psi at this time (Figures                
16-20)  
 
 
Figure 16.​ Small Vessel Comparison of Liquid Graphs - (30 mL FA, 0.5 mL HCl) 
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Figure 17.​ Small Vessel Trial 1 - (30 mL FA, 0.5 mL HCl) 
 
 
Figure 18.​ Small Vessel Trial 2 - (30 mL FA, 0.5 mL HCl) 
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Figure 19.​ Small Vessel Trial 3 - (30 mL FA, 0.5 mL HCl) 
 
 
 
Figure 20.​ Small Vessel Trial 4 - (30 mL FA, 0.5 mL HCl) 
 
The 30 mL trials proved to be fairly similar to the 20 mL trials. Both sets of reaction trials had                    
similar maximum temperatures, and variable incubation periods. Originally the team anticipated           
that the 30 mL trials would result in greater temperatures because of the greater amount of                
furfuryl alcohol available to react. The team hypothesized that higher temperatures may have             
been achieved in the 30 mL reaction vessel, but the point of contact between the thermocouple                
and the solid resin formed would have been the same in all of the trials, and the 10 extra mL of                     
furfuryl alcohol in the 30 mL trials was meaningless if the tip the of the thermocouple had                 
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 already been encased by resin. The gas level temperature readings throughout the 30 mL trials               
were also similar to the 20 mL trials. Overall, the team was unable to come to any meaningful                  
conclusions by increasing the initial volume of furfuryl alcohol from 20 to 30 mL. 
 
The team also decided to test methanesulfonic acid in the small reaction vessel to see how the                 
reaction characteristics varied with different acid catalysts. In the first experiment with the             
methanesulfonic acid, the team added 1 mL of methane sulfonic acid to 20 mL of furfuryl                
alcohol, but the end of the pipet was accidentally plugged by resin forming in the tip, making it                  
so only 0.7 mL was able to be effectively added. This trial resulted in a partially complete                 
reaction with chunks of resin solid, and a large amount of dark liquid remaining. The maximum                
temperature reached was only 78.6 ℃, which was achieved within 45 seconds of the acid being                
added to the reaction vessel. The resin formed was very brittle like in previous trials in the plastic                  
bottles. Due to the rapid rate of reaction, no pressure change could be observed before the                
pressure relief valve was screwed in.  
 
The second trial the team managed to add the full amount of 1 mL of methanesulfonic acid, but                  
the reaction still did not reach completion. The temperature raised gradually to 62.7℃, levelled               
off, and then decreased. Solid chunks of resin formed at the bottom of the reaction vessel, and                 
the rest of the furfuryl alcohol remained black in color and in the liquid state. Throughout these                 
two experiments with the methanesulfonic acid, the team was unable to make any meaningful              
conclusions other than the fact that the methanesulfonic acid is inconsistent. Due to these results               
the team decided to only investigate the addition of HCl in the larger reaction vessel. 
 
While experiments with methanesulfonic were inconsistent, the observations made were          
important. In all of the experiments with the methanesulfonic the team noticed the acid              
immediately dropped to the bottom of the reaction vessel forming a black solid resin that               
remained dormant until disrupted. The team hypothesized that once the methanesulfonic acid            
was added to the furfuryl alcohol, the acid immediately became encased within the solid resin,               
preventing the reaction from propagating further. Alternatively, the team hypothesized that the            
acid was not strong enough to donate the free protons before the heat generated by the initial                 
reaction had dissipated, and the reaction was unable to overcome the activation energy barrier              
present to continue the reaction.  
 
Either of these explanations could be valid, but cannot be proven unless the reaction is analyzed                
on a molecular level. However, it is still unknown as to why the methanesulfonic immediately               
formed a black solid resin, while the hydrochloric acid gradually turned the furfuryl alcohol              
black, and eventually formed a the resin at a high enough temperature. Further experimentation              
should be conducted on a micro-scale to better understand how furfuryl alcohol reacts with              
different acids.  
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 4.3.2 Large Scale Reactions - 1 L Stainless Steel Vessel 
To begin the large vessel experimentation the team decided to conduct 3 trials by adding 1 mL of                  
HCl to 100 mL of furfuryl alcohol in the large reaction vessel. In each trial the pressure reached                  
a maximum of 20 psi, with maximum temperature peaks at 122.3 ℃, 119.7 ℃, and 143 ℃,                 
respectively. These peaks occurred between 10 and 37 minutes after the addition of HCl.  
 
 
Figure 21.​ Large Vessel Trial 1 - (100 mL FA, 1 mL HCl) 
 
 
Figure 22.​ Large Vessel Trial 2 - (100 mL FA, 1 mL HCl) 
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Figure 23.​ Large Vessel Trial 3 - (100 mL FA, 1 mL HCl) 
 
 
 
Figure 24.​ Large Vessel Comparison of Liquid Graphs - (100 mL FA, 1.0 mL HCl) 
 
Once again, the team observed similar trends between the data collected from these trials was               
similar to the trials conducted in the smaller vessel. The one noticeable takeaway from these               
experiments is that the maximum temperatures do not differ greatly between these trials and the               
small scale trials. The team had hypothesized that the 100 mL trials would generate consistently               
higher temperatures than the small trials, but was proven wrong. This is most likely the result of                 
the larger surface area of the large vessel, which allows for greater heat transfer. 
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 The team then scaled up this reaction by adding 2 mL of HCl to 200 mL of furfuryl alcohol in                    
the large reaction vessel. In each of these three trials the pressure release valve (PRV) was                
activated. The pressure relief valve was manufactured to activate once the pressure had exceeded              
75 psi. In the trials, the team observed the pressure gauge reach a maximum of +100 psi (pegged                  
out), at 84 psi, and at 70 psi respectively. Although the PRV had a maximum pressure rating of                  
75 psi, the point at which it was activated could have varied due to potential leakage that is                  
difficult to detect by the naked eye and differences in gas velocities. The temperature peaks for                
all three trials occurred between 167 ℃ and 170.5 ℃. These peaks occurred between 6.5 min                
and 11.5 min after the addition of HCl.  
 
 
  
Figure 25.​ Large Vessel Comparison of Liquid Graphs - (200 mL FA, 2 mL HCl) 
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Figure 26.​ Large Vessel Trial 1 - (200 mL FA, 2 mL HCl) 
 
 
Figure 27.​ Large Vessel Trial 2 - (200 mL FA, 2 mL HCl) 
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Figure 28.​ Large Vessel Trial 3 - (200 mL FA, 2 mL HCl) 
 
To compare the 200 mL to the to 100 mL trials, the 200 mL trials reached significantly higher                  
temperatures than the 100 mL trials. The 200 mL trials generated maximum temperature             
approximately 30 ​o​C greater than the 100 mL trials. These results were consistent with the team’s                
predictions as the greater amount of furfuryl alcohol allowed more heat to be released in the                
reaction. The team also observed the same two peaked phenomena as before in the large vessel                
trials. The resin that formed in all of the large scale experiments were similar to those formed in                  
the small scale experiments, dense and odorous. An image of the resins formed can be found in                 
Appendix H. 
 
In general the team observed higher temperatures and pressures in the large-scale reaction vessel              
compared to the smaller vessel. These temperature trends are typical of exothermic reaction             
scale-up experiments. As the ratio of volume to surface area ratio increases the cooling system               
(walls of the reactor) becomes less effective and the vessel reaches greater temperatures.             
Thermal runaway is also more likely to occur. Thermal runaway begins when heat produced by               
the reaction exceeds rate at which heat is removed from the system. The rate of heat removal                 
increases linearly while the rate of heat production increases exponentially. This can be             
dangerous in terms of material holding the exothermic reaction. The stainless steel is effective              
with housing the amount of heat produced by this reaction, but a weaker material, such as the                 
HDPE in the drums that typically encase the furfuryl alcohol in industry, is not as effective and                 
can pose a danger. For common commercial grade medium to high-density polyethylene the             
melting point is typically 120-180 ​o​C (MatWeb, 2006). All of the liquid temperatures resulting              
from reactions in the large scale vessel were within this range of temperatures, and the liquid                
amount of furfuryl alcohol present was less than 1% of the storage capacity of a 55-gallon HDPE                 
drum.  
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For all reaction vessel trials the gas temperatures followed similar trends as the liquid              
temperatures. In some trials the gas temperatures started to increase slightly before the liquid              
temperatures.  
4.2.5 Discovering the Chemical Composition of the Resin Formed 
In order to classify the functional groups in the resin formed, the team wanted to use NMR                 
spectroscopy. In order to do this, two common solvents were tested to dissolve the resin so that it                  
could be tested. The first solvent that was used was acetone. A small 27 mg piece of hardened                  
resin was placed in 1 mL of acetone, and left to dissolve overnight in a fume hood. The                  
following day it was observed that the resin had no physical changes, and there appeared to be                 
nothing dissolved in the container. 
 
Next, the team was instructed to place a 23 mg sample of the resin in 1 mL of dimethyl-sulfoxide                   
(DMSO) at 50 ​o​C for 24 hours. The sample was placed in a crucible to which the DMSO was                   
then added and placed in an oven 50 ​o​C for 24 hours. The following day the crucible was                  
retrieved, and the team discovered that some of the sample had dissolved into the liquid as seen                 
in the figure below.  
  
Figure 29.​ Resin dissolved in DMSO at 50 ​o​C for 24 hours 
 
The dissolved sample was shared with a WPI Laboratory Technician who said that it “looks like                
you tried to dissolve a rock”. The dissolution of the solid sample was minimal and it was                 
suggested that acquiring solution-state NMR spectra would be fruitless. There was no further             
investigation into gathering NMR spectra for this sample.  
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 5.0 CONCLUSIONS AND RECOMMENDATIONS 
5.1 COMSOL Modeling 
The COMSOL model differed from the experimental observations, but many of the key             
takeaways from the model itself held true. First, the methanesulfonic acid sunk to the bottom               
immediately upon addition, which validated the geometry for the model. Additionally, the            
maximum temperature achieved in the model of approximately 525 K was similar to the              
maximum temperatures observed in the reactions at 444 K. Although the model predicted a              
higher maximum temperature achieved in the reaction, the model did not account for heat              
transfer to the surroundings. Also, the model used the volumes and concentrations present in the               
55 gallon drum explosion, but the experiments conducted were done on a much smaller scale and                
only used a maximum of 200 mL of furfuryl alcohol. 
 
The team acknowledges that there were some limitations of the model. One of the major               
limitations in the model was the inability for COMSOL to effectively model the transformation              
from the liquid to the solid state that occured in the polymerization reaction. Additionally, while               
the convective heat transfer within the contents of the drum was considered in the model, the                
heat transfer to the walls of the container was not incorporated in the model which could be a                  
significant source of heat transfer. Other phenomena like mixing and the release of gases, could               
not be accurately modeled and were omitted from the model developed. Another parameter that              
could not be accurately modeled was the pressure build-up within a closed container. In general,               
COMSOL is used to model steady state systems. Incorporating pressure increases into the model              
and the change of state is likely beyond the scope of this project and the capabilities of                 
COMSOL. A potential solution to more accurately simulate the reaction is adding a surface              
reaction that simulates the amount of oxygen, water, and other vapors released by the reaction.               
This could potentially be achieved by adding a probe that calculates the gases released by the                
reaction, COMSOL may be able to predict the time at which a pressure limit of a given container                  
is reached.  
5.2 Process Safety Considerations 
The primary purpose of this project was to develop process safety considerations and a timeline               
of events that one should expect to see in the event of an accidental contamination of furfuryl                 
alcohol with acid. Throughout the course of our experiments the team determined that there are               
distinct variables of this reaction that can be manipulated to prevent a potential explosion from               
occurring. In the event of a contamination, the team has determined that there is approximately a                
5-30 minute window where action can be taken before this reaction becomes a hazard.              
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 Throughout all of the experiments in this project the reaction needed at least 5 minutes before it                 
would rapidly go towards completion. This number is subject to change depending on the              
amount of acid that is added to the furfuryl alcohol, but if only a small amount of acid (a few                    
milliliters) is added to the furfuryl alcohol, one can expect the reaction to take at least 5 minutes                  
before going towards completion.  
 
In the time following a potential contamination there are a few steps that can be taken to prevent                  
a potential explosion. The first option is to cool the container of furfuryl alcohol. Throughout the                
course of the project the team observed several instances where the reaction did not fully               
propagate due to too much heat being transferred to the surroundings, and high temperatures and               
pressures were not achieved. The team hypothesizes that if one was able to cool the furfuryl                
alcohol quickly after it is contaminated, the reaction can be stopped all together. However, the               
team was able to conclude that if the temperature of the furfuryl alcohol goes above 60 ​o​C,                 
cooling the furfuryl alcohol will be a fruitless effort as that is the point at which the rate of the                    
reaction increases drastically in a runaway reaction. Additionally, if furfuryl alcohol was stored             
in a temperature controlled facility, the containers would be at less of a risk of overheating, and                 
there would be more time to take action after a potential contamination.  
  
Another possible way to prevent an explosion from occurring is to have a pressure relief system                
in place for the container of furfuryl alcohol. In the preliminary stages of this project, the team                 
was unable to propagate the reaction in an open container. The team observed that this particular                
reaction generates a large amount of fumes and vapors, and therefore a large amount of pressure                
when in a closed system. The team also concluded that the containment of these vapors is a                 
critical factor in the propagation of this reaction. In the event that a contamination occurs, the                
team would recommend opening the container of furfuryl alcohol and exposing it to the              
surroundings, which would allow vapors to escape the container and mitigate the risk of              
explosion. Without the pressure build up in a given container, there would be no chance for the                 
containment to fail due to pressure, and if the reaction was to propagate towards completion, the                
high temperatures generated by this reaction would become the main concern.  
 
In addition, to minimize the risk posed to personnel in the event that a contamination is not                 
detected, there are several safety precautions that could be implemented. First, there could be a               
written protocol/checklist on the steps for the handling and transferring of furfuryl alcohol, that              
would need to be signed off on everytime. Though this adds additional steps and time to the                 
process, it would prevent personel from just going through the motions and growing complacent.              
Complacency can be a potential risk in any industry, and the team experienced it themselves               
during the initial experimentation, which led to a preventable explosion that caused a mess in the                
fume hood. Another possibility is to equip the storage drums of furfuryl alcohol with some type                
of pressure relief system. This could be in the form of either a pressure relief valve or a                  
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 strategically placed weak spot in the plastic. When using a pressure relief valve, the team               
recommends installing one that will release at 25 psi (1.8 bar) to ensure that there is no chance                  
for explosion. This value is suggested based on both research and experimental observations.             
From research it was determined that a typical 55 gallon HDPE drum can withstand              
approximately 50 psi, before failing (exploding). Thus any psi release below 50 would be safe.               
However, from the experiments, the team observed that the pressure relief valve did not              
consistently release at the same pressure. Sometimes it lower than the intended pressure and              
sometimes it released higher. Due to this a pressure relief valve rated significantly lower that the                
failure pressure of the drum would be ideal. As for using a weak spot in the plastic, the team                   
suggests placing this on the topside of the drum. This would allow for a safer release of pressure,                  
but also prevent the drum from turning into a projectile object. 
 
Additionally, furfuryl alcohol and any acids should be stored in separate places to prevent the               
two chemicals from coming in contact with one another. If that is not possible, having these                
chemical stored in seperate areas and workers educated on the potential risks could help prevent               
potential contaminations.  
5.3 Future Experimentation 
Overall, the team attempted to explore many different aspects of this reaction, but was unable to                
achieve everything we wanted to. Here is a list of recommendations for future experimentation              
the team came up with: 
 
Rate of Reaction​: The team noticed variations in the rate of the reaction throughout their               
experimentation. The team observed that several variables played a role in how quickly the              
reaction proceeded such as the amount of acid added, the initial temperature of the furfuryl               
alcohol and surroundings, and the concentration of the acid.  
 
Throughout the course of this project the team attempted to find the minimal amount of acid                
required to propagate the reaction towards completion. A potential future experiment could            
involve varying the amount of acid added to the furfuryl alcohol in the reaction vessel to                
determine the effect it has on the rate of the reaction. An example of this would involve adding                  
1.0 mL of any given acid to 100 mL of furfuryl alcohol, followed by an experiment with 1.5, 2.0,                   
2.5 mL of acid in 100 mL of furfuryl alcohol. 
 
The initial temperature of the furfuryl alcohol and the ambient temperature of the surroundings              
had an effect on the rate of reaction and could potentially prevent the reaction. Further               
experimentation should be done to determine the initial temperature of the furfuryl alcohol             
required for this type of reaction to proceed.  
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The team would also recommend conducting experiments with different concentrations of acids.            
For the majority of the experiments in this project, 98% methanesulfonic acid and 37%              
hydrochloric acid were used. It would be interesting to see how the rate of reaction varies in                 
response to the concentration of the acid added. 
 
Dissolving the Resin: Throughout the course of this project, the team was unable to dissolve the                
resin formed in this polycondensation reaction. The team found that the solid resin was slightly               
soluble in acetone, and could be completely dissolved in acetone when the resin was still in the                 
liquid state. Moving forward, the team suggests determining the structure and composition of the              
resin formed, and working with a chemist to determine what solvents might work best. This               
could be potentially be achieved through NMR or mass spectroscopy. Ultimately, it would be              
beneficial to determine the differences in the composition of the resins formed, and how they               
could be solvated. This information could also help with cleaning up the resin formed during               
experiments or in industry. 
 
Stopping the Reaction: ​The team also recommends investigating if there are ways to stop the               
reaction from proceeding once it has been initialized. From the experiments the team conducted,              
it was observed the reaction is heavily dependent on temperatures achieved at the beginning of               
the reaction (i.e if the reaction reached 60ºC it would most likely propagate). Thus, further               
experimentation on the potential of cooling the reaction once it passes certain temperature could              
be beneficial. Based on the results of this experiment, potential explosions could be prevented if               
the system is cooled to the point where the reaction will no longer proceed. Future               
experimentation could also be conducted to determine if a total release of pressure (ie. rupture               
plate) before the reaction reaches 60 ​o​C stops the reaction from further propagating. 
 
Manipulating End Product: ​The team observed that the resin was able to withstand extremely              
high temperatures after placing the resin in a furnace over 750ºC for a sustained period of time                 
with no apparent effect. As such, there could be potential industrial applications for this resin if it                 
were malleable enough to mold into a specific shape. The resin also acts like a thermoset plastic,                 
which we observed to set at temperatures above 80 ºC. Future testing could be performed to see                 
if a reaction with low amounts of acid could be placed in a mold and then set in a furnace.                    
Applications for this material would be similar to most resins, but this resin would be able to                 
withstand extreme temperature conditions. 
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 APPENDIX B: Compatibility Charts 
 
Figure 1. ​EPA’s Chemical Compatibility Chart 
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Figure 2. ​Chemical Compatibility Chart Provided by Worcester Polytechnic Institute 
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 APPENDIX C: Summary of Settings and Inputs for COMSOL 
 
Parameters:  
 
  
79 
 Variables: 
 
Geometry: 
 
 
80 
 Transport Properties: 
 
  
81 
 Heat Transfer: 
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83 
 Mesh: 
 
 
  
84 
 Study: 
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 APPENDIX D: Small Scale Vessel Design and Internal Dimensions 
 
Figure 3.​ Small sized vessel 
 
 
 
Figure 4.​ Cross sectional diagram of small vessel with internal dimensions (mm) 
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 APPENDIX E: Large Scale Vessel Design and Internal Dimensions 
 
 
Figure 5. ​Large sized vessel 
 
 
 
 
Figure 6.​ Cross sectional diagram of large vessel with internal dimensions (mm) 
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 APPENDIX F: Hydrochloric Acid and Furfuryl Alcohol Completed Reaction 
 
 
Figure 7.​ Overpressurized 250 mL HDPE bottle. Hole blown out at bottom. 
 
 
 
Figure 8.​ Overpressurized 250 mL HDPE bottle. Cap blown out. 
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Figure 9.​ Overpressurized 250 mL HDPE bottle aftermath. 
 
 
Figure 10.​ Overpressurized 250 mL HDPE bottle aftermath. 
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Figure 11.​ Overpressurized 250 mL HDPE bottle aftermath. 
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 APPENDIX G: Resin Solids Formed by Small Scale Vessel  
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 APPENDIX H: Resin Solid Formed by Large Scale Vessel  
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